The cellular diversity of the cerebral cortex is thought to arise from progenitors located in the ventricular zone and subventricular zone in the telencephalon. Here we describe a novel source of progenitors located outside these two major germinative zones of the mouse cerebral cortex that contributes to neurogenesis and gliogenesis. 
Introduction
For many years, the neurons of the cerebral cortex were thought to derive exclusively from neuroepithelial cells and migrate along radial glial fibers to their final position in the cortical layers (Berry and Rogers, 1965; Rakic, 1972; Caviness and Sidman, 1973) . Despite some evidence for tangential dispersion of cells in the developing cerebral cortex (Price and Thurlow, 1988; Walsh and Cepko, 1988) , it was only 10 years ago that the tangential migration from the ganglionic eminences (GEs) was shown to contribute to the generation of cortical GABAergic interneurons in different mammalian species (Anderson et al., 1997; Lavdas et al., 1999; Wichterle et al., 2001; Letinic et al., 2002) . More recently, the contribution of radial glial cells and subventricular zone (SVZ) cells to the generation of specific types of neurons in the developing cerebral cortex (Malatesta et al., 2003; Haubensak et al., 2004; Miyata et al., 2004; Nieto et al., 2004; Noctor et al., 2004; Wu et al., 2005) has further supported the concept that diverse progenitor subtypes bring about the great diversity of cortical neurons. In addition, astrocytes and oligodendrocytes develop in sequential waves in the cerebral cortex (Choi, 1988a; Marin-Padilla, 1995; Tekki-Kessaris et al., 2001; deAzevedo et al., 2003) and originate from distinct progenitors (Kessaris et al., 2006) . Thus, the cellular diversity in the cerebral cortex is the outcome of the progenitor heterogeneity within distinct germinative niches.
One cohort of proliferating cells in the embryonic cortex however has still not been examined. Mitotic figures (rodents: Raedler and Raedler, 1978; Marin-Padilla, 1985; Valverde et al., 1995; humans: Choi, 1988b; Bystron et al., 2006) as well as DNA synthesis as indicated by incorporation of the DNA base analog bromodeoxyuridine (BrdU) (Götz and Bolz, 1992; Hedin-Pereira et al., 2000 ) (E. de Moraes and C. Hedin-Pereira, personal communication) have been observed in the marginal zone (MZ), the outermost layer of the cerebral cortex. However, the identity and progeny of these cells have so far been neglected. This is particu-larly surprising, because cells in the MZ are known to play crucial roles during development, such as orchestrating the formation of cortical layers (for review, see Tissir and Goffinet, 2003) and contributing to the GABAergic interneurons in the cerebral cortex (Meyer et al., 1998; Lavdas et al., 1999; Ang et al., 2003; Tanaka et al., 2006) . MZ cells have also been shown to guide cortical afferents to their targets (Marin-Padilla, 1978; McConnell et al., 1989; Del Rio et al., 1997) and develop a transient neuronal circuit of crucial importance for setting up the mature circuitry among cortical plate (CP) neurons (Schwartz et al., 1998; Friauf and Shatz, 1991; Ghosh and Shatz, 1992) . Moreover, several lines of evidence suggest a dual origin for astroglial cells, namely from the ventricular but also the marginal zone, in the developing human (Marin-Padilla, 1995; deAzevedo et al., 2003) and rodent cerebral cortex (Choi, 1988a) , but it is unknown whether those astroglial cells could be locally generated in the cortical surface. Elucidating the nature of proliferation in the MZ is therefore of crucial importance.
Materials and Methods

Animals.
Most experiments were performed with timed-pregnant C57BL/6J mice, with the day of the vaginal plug considered to be embryonic day 0 (E0) and the day of birth as postnatal day 0 (P0). Pax6
Sey mice were maintained as heterozygotes on a mixed C57BL/6J ϫ DBA/2J background, and laminin ␥1III4 Ϫ/Ϫ mice were kept on C57BL/6J/SV129 background. Crossing of heterozygous animals allowed for the examination of wild-type (WT) and homozygous mutant embryos (Ϫ/Ϫ) from the same litter to avoid potential differences in development. E1-Ngn2-Cre (enhancer 1-neurogenin 2-enterobacteria phage P1, cyclization recombinase) and Emx1 (empty spiracles homolog 1)::Cre mice (Iwasato et al., 2000) were crossed with C57BL/6J mice and the transgenic embryos were analyzed. Gsh2 (genomic screened homeobox)-Cre, Nkx2.1 (NK2 transcription factor-related 2.1)-Cre, and Emx1-Cre mice (Kessaris et al., 2006) were crossed with Rosa26 -yellow fluorescent protein (Rosa-YFP) (Srinivas et al., 2001 ). Animals were maintained on a 12 h (7:00 A.M. to 7:00 P.M.) light/dark cycle. All experimental procedures were done in accordance with Society for Neuroscience and European Union guidelines and were approved by our institutional animal care and use committees.
Histology and immunohistochemistry. Timed-pregnant mice were killed by cervical dislocation. Embryos were removed by hysterectomy and transferred into HBSS (Invitrogen, Carlsbad, CA) with 10 mM HEPES. Embryonic brains were removed and fixed in 4% paraformaldehyde (PFA) (in PBS) for 2 h (E14 brains), 3 h (E16 brains), or 4 h (E18 brains) at 4°C. After a brief washing step with PBS, the tissue was incubated at 4°C in 30% sucrose solution (in PBS) overnight. After cryoprotection was completed, the tissue was embedded in O.C.T. (Tissue-Tek; Sakura Finetek Europe, Zoeterwoude, The Netherlands) within an embedding mold and frozen on dry ice. Sections (20 m) were cut using a cryostat, collected on SuperFrost Plus microscope slides, and stored at Ϫ20°C.
Sections or coverslips with cultured cells (see below) were incubated in primary antibody overnight at 4°C in 0.5% Triton X-100 and 10% normal goat serum in PBS. Primary antibodies used included anti-BrdU [rat, 1:100 (Abcam, Cambridge, UK); 30 min 2N HCl, 30 min borate buffer, pH 8.5], anti-phosphohistone3 (rabbit, 1:200; Biomol, Plymouth Meeting, PA), anti-Tbr2 (T-box brain gene 2) (rabbit, 1:2000; provided by R. Hevner, University of Washington, Seattle, WA), anti-Pax6 (paired box gene 6) (rabbit, 1:200; Covance Research Products, Berkeley, CA), antiOlig2 (oligodendrocyte transcription factor 2) (rabbit, 1:1000; provided by D. Rowitch, University of California, San Francisco, San Francisco, CA), anti-Cre (rabbit, 1:500; Covance Research Products), anti-pan-Dlx (distal-less homeobox) (rabbit, 1:750; provided by J. Kohtz, Northwestern University, Chicago, IL), anti-Mash1 (mammalian achaete-schute homolog 1) (mouse IgG1, 1:100; provided by F. Guillemot, National Institute for Medical Research, London, UK), anti-CD31 (rat, 1:10; BD PharMingen, San Jose, CA), anti-␤III-tubulin (mouse IgG2b, 1:100; Sigma, St. Louis, MO), anti-green fluorescent protein (GFP) [rabbit, 1:500 (Clontech, Mountain View, CA); chicken, 1:500 (Sigma)], anti-GFAP (mouse IgG1, 1:200; Sigma), anti-nestin (mouse IgG1, 1:4; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), anti-O4 (mouse IgM, 1:200; provided by J. Price, King's College London, London, UK), anti-NG2 (rabbit, 1:250; Chemicon), anti-PDGF receptor ␣ (PDGFR␣) (rabbit, 1:10; Zytomed, Berlin, Germany), anti-GABA (rabbit, 1:500; Sigma), anti-GAD65/67 (rabbit, 1:500; Chemicon), and anti-Reelin (mouse, 1:500; provided by A. Goffinet, Université Catholique de Louvain, Brussels, Belgium). Nuclei were visualized with 4Ј, 6Ј-diamidino-2-phenylindole (DAPI; Sigma) by incubating sections for 10 min with a concentration of 0.1 g/ml DAPI in PBS. Fluorescent secondary antibodies were used according to the protocol of the manufacturer [Jackson ImmunoResearch (West Grove, PA) or Southern Biotechnology, Birmingham, AL). Sections or coverslips were mounted in Aqua Poly/Mount (Polysciences, Northampton, UK) and analyzed using Zeiss (Oberkochen, Germany) Axioplan 2 and Olympus Optical (Tokyo, Japan) confocal laser scanning microscopes.
Before BrdU immunostaining, timed-pregnant mice or postnatal animals were injected intraperitoneally with BrdU (50 mg/kg body weight) and killed 30 min or 1 h after the injection. Alternatively, adult mice received BrdU in the drinking water (1 mg/ml) for 2 weeks, followed by 2 weeks without BrdU treatment.
Quantification of proliferating cells in vivo. The quantification of proliferating cells in the MZ was performed in sections of the cerebral cortex at E14, E16, and E18 at rostral, intermediate, and caudal levels stained with antibodies against BrdU and phosphorylated form of histone H3 (PH3). The area analyzed was restricted to the laterodorsal aspect of the dorsal telencephalon, and its tangential extension was defined by the corticostriatal sulcus laterally and the cingulate cortex medially (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). For the quantification of PH3-postitive cells in the cortex, the same tangential extension of MZ, ventricular zone (VZ), and SVZ described above were analyzed. Radially, only the first four MZ DAPI-positive nuclei above the cortical plate border were considered to exclude meningeal cells (The Boulder Committee, 1970) . Meningeal tissue was readily recognizable by DAPI staining the horizontal disposition of its cells and its fibrous appearance in bright field. The pia mater could generally be recognized approximately six nuclei away from the cortical plate surface.
Primary cell culture. Embryonic brains were isolated from E15 and E18 timed-pregnant mice as described above. The hemispheres were separated and the meninges were removed. Brains were removed in sterile conditions and cut coronally at 200 m using a tissue chopper (McIlwain). After 0.5 h in HBSS with 10 mM HEPES at 4°C, the lateral telencephalic wall of E15 coronal sections was microdissected out in its radial axis so that the bottom part contained the ventricular, subventricular, and intermediate (IZ) zones (E15 VZ/SVZ) and the top one the CP and marginal zone cells (E15 MZ/CP). E18 cortex was microdissected out in three parts: ventricular and subventricular zones (E18 VZ/SVZ); intermediate zone and cortical plate (E18 IZ/CP); and marginal zone (E18 MZ). After a brief centrifugation step to remove the HEPES, 1 ml of trypsin 0.05% EDTA solution (Invitrogen) was added to digest the tissue for 15 min at 37°C. Trypsin activity was stopped by adding 2 ml of DMEM (Invitrogen) supplemented with 10% fetal calf serum (FCS) (Sigma) and penicillin/streptomycin (100 U/ml penicillin, 100 mg/ml streptomycin; Invitrogen). Cells were mechanically dissociated with a fire-polished and FCS-coated Pasteur pipette. The cells were collected twice from the supernatant after centrifugation for 5 min at 1000 rpm (172 ϫ g), followed by resuspension in DMEM (10% FCS, 1% penicillin/ streptomycin). Cells were counted with the help of a Neubauer chamber, plated at a density of 5 ϫ 10 5 cells per well in a 24-well plate on poly-Dlysine (PDL)-coated glass coverslips, and incubated at 37°C and 5% CO 2 .
Retroviral transduction was performed 2-3 h after plating using low titers of vesicular stomatitis virus G-protein pseudotyped retroviruses containing the chicken matrix metalloproteinase plasmid (Hack et al., 2004) . This procedure infects a small number of progenitor cells whose progeny can be detected after a period of time in culture as distinct clusters of cells by fluorescence microscopy. After 1 d in vitro (DIV), the medium was removed, and 3 ϫ 10 5 or 1 ϫ 10 5 E14 cortical cells in DMEM/10% FCS were added to E15 MZ/CP and E15 VZ/SVZ cultures, respectively, to minimize cell death especially in MZ/CP cell culture. Two hours later, DMEM/F-12 (Invitrogen) supplemented with B27 was added in equal volume to decrease the serum concentration to 5%. To exclude the possibility of viral transduction of the E14 cortical cells added 1 d after starting the MZ cultures, we performed control experiments in which these cells were grown in the medium removed from VZ/SVZ and MZ cell culture after 1 DIV. We could not detect GFP-positive cells even by using retroviral titers up to 10 times higher than in our clonal analyses, indicating that the virally transduced cells correspond to the cell types infected on the first day, i.e., MZ or VZ/SVZ cells. Before fixation, cells were briefly washed with PBS and then fixed for 15 min in 4% PFA. After three washes with PBS at room temperature, cells were processed for immunohistochemistry as described above.
For the clonal analysis in vitro, all clones per coverslip were assessed for the number of cells they contained and the identity of these cells. The low viral titer used to transduce the cells in our experiments allowed us to infer that each cluster (number of clusters per coverslip: MZ/CP cell culture, 22 Ϯ 12; VZ/SVZ cell culture, 25 Ϯ 15; mean Ϯ SEM from four independent experiments) is derived from one single progenitor cell and can be defined as an individual clone (Williams et al., 1991; Haubst et al., 2004) . This low number of clusters resulted in observation of maximally one cluster within a 20ϫ magnification field (ϳ1-mm-diameter field of view), and coverslips in which more than one cell cluster was visualized with a 20ϫ objective were discarded. Furthermore, timelapse experiments (n ϭ 6) confirmed that cells derived from a single progenitor maintain a close proximity (Ͻ300 m), and there is no mixture of cells migrating from other regions (supplemental Fig. 4 and movie, available at www.jneurosci.org as supplemental material). Clones were classified according to the expression of GFP and the neuronal marker ␤III-tubulin (Tuj1), oligodendroglial O4, and astroglial GFAP markers. Immunoreactivity for these markers was revealed with secondary antibodies with different conjugated fluorophores, allowing the identification of three types of clones: pure neuronal (all cells stained for Tuj1), pure glial (absence of Tuj1-positive cells and immunoreactivity for either O4 or GFAP), and mixed clones (at least one Tuj1-positive cell and one O4-or GFAP-positive cell). For the analysis of glial cell types within mixed and pure glial clones, the Tuj1 immunoreactivity was omitted, so that we could visualize O4 and GFAP with different fluorophores together with GFP. The mean number of neuronal and glial cells within different types of clones was plotted and is shown as mean Ϯ SEM. Data were derived from at least three experimental batches with two to four coverslips analyzed per experiment.
Neurosphere cultures. E15 MZ/CP, E15 VZ/SVZ, E18 VZ/SVZ, E18 IZ/CP, E18 MZ, P8 layer 1, and P8 SVZ cells were dissected and dissociated as described above and grown in DMEM/F-12 supplemented with B27, 10 ng/ml basic FGF, and 20 ng/ml epidermal growth factor (EGF) for 7 d as described previously (Reynolds and Weiss, 1996; Chojnacki and Weiss, 2004) . Self-renewal capacity was assessed by dissociating the primary neurospheres and plating 5 ϫ 10 3 cells in 500 l of DMEM/F-12 supplemented with B27, 10 ng/ml basic FGF, and 20 ng/ml EGF (10 cells/l). Neurospheres were differentiated on PDL-coated glass cover- slips in DMEM F-12/B27/1% fetal calf serum. The spheres were maintained under differentiation condition for 1, 3, and 7 d before fixation with 4% PFA after which immunocytochemistry for neuronal and glial markers ensued.
Results
Cell proliferation in the marginal zone during neurogenesis and gliogenesis in cerebral cortex
Proliferating cells in the dorsal telencephalon can be identified by incorporation of the thymidine analog BrdU, which is incorporated during DNA duplication (S phase) (Nowakowski et al., 1989) , or PH3, which is present in cells progressing from G 2 to M phase as well as during mitosis (Hendzel et al., 1997) . Using these markers, we noted the consistent occurrence of BrdU-and PH3-positive cells in the mouse preplate at E12 (data not shown). Between E13 and E14, when the preplate is split by the cortical plate into the MZ and subplate, and throughout mid and lateneurogenesis (E16 and E18), we still observed a notable number of BrdU-or PH3-positive cells in the MZ ( Fig. 1 ) (supplemental Figs. 1, 2, available at www.jneurosci.org as supplemental material). The proportion of BrdU-labeled cells after a short BrdU pulse (30 min) before the animals were killed was quantified among the total number of DAPI-stained nuclei, demonstrating an increase in proliferation in the MZ between E14 and E18 (supplemental Fig. 1 D, available at www. jneurosci.org as supplemental material). To evaluate the contribution of this population to the entire progenitor pool, we also quantified PH3-immunoreactive cells in the MZ among the total pool of PH3-positive cells in the dorsal telencephalon. This proportion increased by more than double from E14 to E16 and by an additional 60% until E18, indicating an increasing contribution of MZ progenitors to the total pool of cortical progenitors ( Fig. 1 J) . Noteworthy, although we found a small number of BrdU-positive cells in the cortical plate at the different stages analyzed, virtually all these cells were colabeled with the endothelial marker CD31 (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material). In stark contrast, only ϳ15-20% of BrdUpositive cells in the MZ were colabeled with CD31 at E14 and E16, and virtually no PH3/CD31 double-positive cell was detected in the MZ at those and later stages (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
To evaluate the persistence of proliferation in layer 1, the progeny of the MZ, we injected pups at P0 and P8 with BrdU and analyzed their brains after 1 h survival. Besides cells in the subventricular zone, labeled cells were also detected in layer 1 at P0 (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). At this stage, BrdU- positive/CD31-negative cells were also observed in the cortical layers adjacent to the subventricular zone and layer 1. Notably, hardly any BrdU-positive cells were detected in the middle cortical layers, and, when found, they were restricted to the lateralmost aspect of the cortex (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). At later postnatal stages (P8), BrdU-positive cells were found scattered throughout the entire cortical parenchyma, without any preference for a given layer (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), as described previously (Fujita et al., 1988) .
Although cells labeled with BrdU were present in layer 1 at both neonatal and postnatal stages, we failed to observe any BrdU-positive cells in adult mouse cortex (P60) after a short BrdU pulse (1 h). Because cells may slow their cell cycle at later stages, we used the label-retaining protocol to detect slow dividing cells (see Materials and Methods). Indeed, the continuous supply of BrdU for 2 weeks resulted in labeled cells within all the cortical layers, including layer 1 (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
Together, our data indicate that neural progenitor cell proliferation occurs outside the main germinative zones (ventricular zone and subventricular zone) during embryonic cortical development. Although this proliferation is initially restricted to the embryonic MZ during neurogenesis, it becomes widespread in the cortical parenchyma during the first postnatal week, when cortical gliogenesis takes over.
Transcription factor expression in the cells proliferating in the MZ/layer 1 Next we asked whether the molecular features of the MZ progenitors resemble those of the VZ/SVZ during cortical neurogenesis (E13-E18). Toward this end, we examined the expression of different transcription factors, starting with Pax6 and Tbr2 that are expressed by virtually all VZ and SVZ progenitors, respectively (Götz et al., 1998; Englund et al., 2005; Cappello et al., 2006) . In pronounced contrast to VZ and SVZ progenitors, proliferating (BrdU-positive) cells in the MZ of E14 -E18 cortex contained neither Pax6 nor Tbr2 (Fig. 2 A, B) . Also, the transcription factors Ngn2 or Emx1 that are contained in VZ and SVZ progenitors (Schuurmans and Guillemot, 2002) could not be detected in BrdU-positive MZ cells by either direct immunostaining for the respective protein or staining for Cre-recombinase in E1-Ngn2-Cre or Emx1::Cre mice (Iwasato et al., 2000; Berger et al., 2004; Cappello et al., 2006 ) (data not shown). Thus, these data indicate that proliferating cells in the MZ do not display the same molecular identity as other dorsal telencephalic progenitors.
To examine whether MZ progenitors express transcription factors contained in VZ/SVZ cells of the ventral telencephalon, we stained for Mash1, Dlx, Gsh2, and Olig2. At E14, these transcription factors were found to be restricted to the ventral telencephalon, and none of them colocalized with BrdU-positive cells in the cortical MZ. Although BrdU-positive cells in the MZ did not express Mash1, Gsh2, or Dlx (Fig. 2C,D and data not shown) at any of the stages analyzed, ϳ50% of the BrdU-positive cells in the MZ were Olig2-positive at E16, with all of these doublepositive cells located in the lateral aspect of the dorsal telencephalon (Fig. 2 E-G) . At E18, virtually all BrdU-containing cells in the MZ expressed Olig2 (Fig. 2 H) . Thus, the population of MZ progenitors at E14 is negative for the transcription factors expressed by VZ/SVZ telencephalic progenitors, and the number of Olig2-positive MZ progenitors increases in a spatiotemporally regulated manner starting at E16.
The detection of Olig2 in MZ progenitors at later stages prompted us to examine whether they would actually be derived from the ventral telencephalon, the GE, or would represent an early population of cortex-derived Olig2-positive progenitors (Kessaris et al., 2006) . Toward this aim, we examined the brains Rosa-YFP mice were colabeled (Fig. 3 A, B,G) , indicating that those cells were derived from Gsh2-expressing cells in the GE. Some MZ progenitors were also derived from the Nkx2.1-expressing progenitors located in the GE (Fig.  3C, D, G) . Notably, however, ϳ70% of all proliferating cells in the MZ at P0 were generated from cortical Emx1-expressing progenitors (Fig. 3E-G) . Thus, our fate mapping analyses indicate that MZ/layer 1 progenitors are heterogenous and originate from both dorsal and ventral telencephalon (see Discussion).
Clonal analysis of the progeny derived from cells proliferating in the MZ
To determine the progeny of this novel precursor population, we took advantage of a well known in vitro system closely mimicking lineage decisions in vivo (Williams et al., 1991; Williams and Price, 1995) . The MZ and CP were separated from the VZ, SVZ, and IZ by dissecting these zones in coronally cut slices of the E15 cortex (see Materials and Methods), so that progenitor cells isolated from the VZ/SVZ and MZ/CP fractions could be studied independently. We chose to use E15 cortex because the characteristics of the proliferating cells do not differ significantly from those at E14 (negative for the above discussed transcription factors and BrdU labeling comparable with E14), and the cellular yield was better. First, to examine the quality of this dissection, cells were fixed 2 h after plating them in BrdU-containing medium and were immunolabeled for BrdU and Pax6 or Tbr2, the two transcription factors labeling virtually all VZ and SVZ cells (Götz et al., 1998; Englund et al., 2005; Cappello et al., 2006) , but absent from MZ precursors. Indeed, each BrdU-positive cell in the VZ/SVZ culture expressed either Pax6 (82.2 Ϯ 8.6%) or Tbr2 (16.6 Ϯ 4.2%). In pronounced contrast, not a single proliferating cell in the MZ culture expressed Pax6 and Ͻ10% contained Tbr2. These data indicate that the MZ/CP preparation is free of any contamination by VZ cells (no Pax6) and contains only few SVZ cells (Tbr2 positive), thereby confirming the reliability of the dissection method with Ͼ90% purity. Moreover, also consistent with our findings in vivo, a negligible number of Olig2-or Dlx-expressing cells were found in both VZ/ SVZ and MZ/CP preparations after 2 h, and none of these cells were colabeled with BrdU (data not shown). In the next set of experiments, we infected the MZ/CP and VZ/SVZ cells with a low titer of GFP-containing retroviral vector (see Materials and Methods) to infect single cells undergoing mitosis. The viral titer was chosen to infect maximally 30 cells per coverslip, such that the progeny of the individual infected cells are visible as distinct cells clusters, i.e., distinct clones (Williams et al., 1991) . This clonal definition was also verified by live imaging of infected cells (supplemental Fig. 4 and movie, available at www.jneurosci.org as supplemental material).To examine the fate of the differentiated progeny of infected cells in these experiments, we added cells from the entire E14 cortex 1 d later (see Materials and Methods) to obtain comparable culture conditions for both MZ/CP-and VZ/SVZderived progenitors (MZ/CP cultures on their own contain many more neurons than VZ/SVZ cultures). Control experiments showed that viral vectors were no longer infectable at the time when E14 cortical cells were added (see Materials and Methods). After 2 DIV, GFP-positive cells could be identified in small clusters containing one to six cells (Fig. 4) . Although most clones contained only one or two cells, the mean number of cells per clone was higher in the VZ/SVZ (2.2 Ϯ 1.3) than in MZ/CP cell culture (1.5 Ϯ 0.5; p Ͻ 0.05, unpaired t test). The composition of the clones in both cultures also displayed significant differences. Clones containing Tbr2-positive cells were far more frequent in the VZ/SVZ (Ͼ40%) than in the MZ/CP (12%) cell culture ( Fig. 4G-N ) , and clones containing both Tbr2-positive and -negative cells were only detected in the VZ/SVZ preparations (Fig. 4 J-N ) . In contrast, in the MZ/CP preparation, Ͼ40% of clones contained NG2-expressing cells (Fig. 4 A-C,M ) , whereas a negligible proportion (1.9%) of clones with NG2-positive cells was found in the VZ/SVZ cell culture (Fig. 4 N) . Finally, we observed a small proportion of clones containing PDGFR␣-positive cells in both MZ/CP (5.5%) and VZ/SVZ (Ͻ2%) cell culture (Fig. 4 D-F, M, N ) . Noteworthy, in agreement with immunostaining of cells 2 h after dissection and in vivo, no Dlxpositive cells were detectable in either MZ/CP or VZ/SVZ clones. Together, these data indicate that progenitors isolated from the MZ/CP differ in their proliferative properties and molecular profile from the progenitors isolated from the VZ/SVZ.
Next, we analyzed the progeny of single MZ/CP and VZ/SVZ progenitors after 7-10 DIV. The cell types within each clone were identified using a combination of cell-type-specific markers in combination with anti-GFP antibodies to detect the virally transduced clones (see Materials and Methods). Three types of clones occurred in cultures derived from the MZ/CP: mixed clones, containing some GFP-positive cells colabeled with Tuj1 and others double labeled with one of the glial markers GFAP or O4 (Fig. 5A-C) ; pure glial clones with all GFP-positive cells in a clone either GFAP or O4 immunopositive (Fig. 5D-F and data not shown); and pure neuronal clones with all GFP-positive cells double labeled with Tuj1 ( Fig. 5G-I ) . Consistent with previous clonal analysis of cortical progenitors, the VZ/SVZ progenitors that constitute the majority of all progenitors in the cortex generated up to 71% of pure neuronal clones, 25% mixed clones, and Ͻ4% pure glial clones (Fig. 5K ) . In contrast, in the MZ/CP cell culture, 69% of clones were composed only of glial cells (Fig.  5D-F,J ) , with the majority of these being oligodendrocytes (see below). Notably, however, ϳ20% of all MZ/CP progenitors had generated neurons only (Fig. 5G-J ) and 10% had generated neurons and glial cells (mixed clones) (Fig. 5A-C,J ) . The neurons generated by MZ/CP progenitors do not express Calretinin or Reelin in vitro, but some were labeled by GABA and GAD65/67 antibodies (supplemental Fig. 5 , available at www.jneurosci.org E and F, arrowheads) . G-I, Example of a pure neuronal clone containing both GFP-positive cells (green) double labeled for Tuj1 (red). J-K, Pie diagrams depicting the percentages of pure neuronal, pure glial, and mixed clones in MZ/CP (J ) and VZ/SVZ (K ) cells isolated from E15 cortex after 7 d in vitro (MZ/CP, n ϭ 97; VZ/SVZ, n ϭ 100; three independent experiments). Note that, in the MZ/CP progenitor pool, 69.1% of the clones are pure glial, among the VZ/SVZ progenitors the majority of the clones (70%) is pure neuronal, and only 3.3% are pure glial. Among MZ/CP clones, 30.9% comprise neurons in either purely neuronal or mixed clones. In both cases (MZ/CP and VZ/SVZ), mixed clones contain either astrocytes or oligodendrocytes and a small number of neurons. Scale bar: (in I) A-F, 10 m; G-I, 20 m.
as supplemental material) (data not shown). Thus, these data reveal a potential source of GABAergic interneurons in the developing cerebral cortex.
We further examined the clone size generated by MZ/CP and VZ/SVZ progenitors after 7-10 DIV to get a better understanding of the proliferative capacity of glial and neuronal progenitors in the two progenitor populations. Pure neuronal clones were larger, i.e., contained more neurons, when derived from VZ/SVZ progenitors compared with those derived from MZ/CP progenitors (Fig. 6 A) . Conversely, the number of cells was larger in the pure glial clones generated from MZ/CP than VZ/SVZ progenitors (Fig. 6 B) . Strikingly, both trends persisted even in the mixed clones with MZ/CP-derived mixed clones containing less neurons and more glial cells than those derived from VZ/SVZ progenitors (Fig. 6C,D) . Thus, even the bipotent progenitors in the MZ/CP tend to generate less neurons and more glial cells compared with their counterparts in the VZ/SVZ. These findings are particularly intriguing because cells were grown in a virtually identical environment, suggesting that they differ intrinsically in their fate.
By combining immunolabeling against GFP, GFAP, and O4 (Fig. 7) , we observed that both mixed and pure glial clones derived from MZ/CP (n ϭ 33) and VZ/SVZ (n ϭ 30) never contained GFAP-and O4-positive cells together, suggesting that, in the examined period, distinct sets of glial progenitors generating either astrocytes or oligodendrocytes were present in the MZ/CP fraction ( Fig. 7A-C) . These data allowed us to compare the frequency and size of astrocyte-versus oligodendrocyte-containing clones derived from MZ or VZ/SVZ glial and bipotent progenitors. Similar to previous data obtained with a mixture of all cortical progenitors (Williams et al., 1991) , oligodendrocytecontaining clones were larger than astrocyte-containing clones for both MZ/CP-or VZ/SVZ-derived progeny. Strikingly, oligodendrocyte-containing clones from MZ/CP progenitors were larger in size than those derived from VZ/SVZ progenitors, whereas MZ/CP-derived astrocyte clones tended to be smaller than those generated by VZ/SVZ progenitors (Fig. 7 D, E) . Together, MZ/CP progenitors in E15 mouse cerebral cortex are heterogeneous, comprising progenitors restricted to neuronal and diverse glial lineages as well as a small proportion of progenitors with a wider potential.
Progenitors in the embryonic cortical parenchyma are restricted to the MZ To check whether quiescent, nonproliferating cells within the CP could resume proliferation in vitro, we took advantage of the neurosphere assay in which the number of progenitor cells can be expanded and often the potential to generate neurons, astrocytes, and oligodendrocytes is revealed (Reynolds and Weiss, 1996) . In the first set of experiments, we compared the ability of cells derived from E15 marginal zone and cortical plate (E15 MZ/CP), E15 ventricular zone and subventricular zone (E15 VZ/SVZ), E18 marginal zone (E18 MZ), E18 cortical plate and intermediate zone (E18 CP/IZ), and E18 ventricular zone and subventricular zone (E18 VZ/SVZ) (see Materials and Methods) to generate neurospheres. After 7 d in neurosphere growth conditions in vitro, primary neurospheres had developed from all the preparations containing either VZ/SVZ or MZ cells but failed to develop from the E18 CP/IZ cells (Fig. 8) . The frequency of neurospheres in the E15 MZ/CP was ϳ3% of the E15 VZ/SVZ cell cultures (Fig.  8 D) , consistent with the small proportion of progenitors in vivo (Fig. 1) . After exposure to differentiating conditions, E15 MZ/ CP-derived neurospheres gave rise to neuronal and glial cells (Fig. 8C) (astrocytes, 72.8 Ϯ 5.4%; oligodendrocytes, 11.1 Ϯ 2.4%; neurons, 16 Ϯ 1.4%; n ϭ 20 neurospheres, three independent experiments). Similarly, E18 MZ cells generated ϳ5% of the number of neurospheres observed in E18 VZ/SVZ cell cultures (Fig. 8 E) and also differentiated into the three major neural cell types (astrocytes, 65.6 Ϯ 1.2%; oligodendrocytes, 21.9 Ϯ 1.5%; neurons, 12.5 Ϯ 0.9%; n ϭ 15 neurospheres, two independent experiments). Thus, this analysis suggests a tight correlation between the existence of fast proliferating cells in vivo and the capacity to isolate neurosphere-forming cells from those regions. Indeed, we also found that cells isolated from all the regions of the cortical parenchyma at early postnatal (P8) stages generate primary neurospheres, in accordance with our BrdU labeling at this stage (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material) and previous data in the literature (Marmur et al., 1998; Belachew et al., 2003) . However, although we detect slowly dividing cells in the adult cortex, no neurospheres can be derived any longer from the cortical parenchyma, including the layer 1 (data not shown).
In the next set of experiments, we analyzed the self-renewal capacity of MZ progenitors. Interestingly, although the E15 MZ/CP-derived cells did not form secondary neurospheres (in two separate culture batches), these could be obtained from E18 MZ (Fig. 8 F) . Thus, the E18 MZ contains progenitors with the potential to form self-renewing neurospheres, whereas the E15 MZ does not (see Discussion).
Changes in the MZ progenitor pool in the Pax6 mutant
Small Eye
Progenitors are crucially influenced by their local environment, their "proliferative niche" (for review, see Alvarez-Buylla and Lim, 2004) . To gain some insight into the local signals that may regulate the number of MZ progenitors, we examined these cells first in a mouse mutant with a large increase in the number of Reelin-positive cells in the MZ (Stoykova et al., 2003 al., 2005), as well as defects in patterning, arealization, and cell migration (Chapouton et al., 1999; Stoykova et al., 2000 Stoykova et al., , 2003 Yun et al., 2001; Bishop et al., 2002; Talamillo et al., 2003) . Probably as a result of the increased migration of Reelin-positive cells, the number of Reelin-positive cells in the MZ of homozygous Pax6
Sey mice is almost doubled at approximately E14 compared with the cortex of wild-type littermates (Stoykova et al., 2003) . We therefore chose this stage to examine the size of the MZ progenitor pool in the Pax6 SeyϪ/Ϫ MZ. Strikingly, the proportion of BrdUpositive cells in the Pax6
SeyϪ/Ϫ MZ was approximately three times higher than in wild-type littermates at E14 ( p Ͻ 0.001, Tukey's multiple comparison test) (Fig. 9) . Notably, the numbers of proliferating MZ cells in the wild-type littermates closely resembled the numbers determined on mice with a different wild-type background, indicating a tight regulation of the MZ progenitor pool in wild-type cortex (compare Figs. 1 E, 9C) .
Changes in the MZ progenitor pool in the laminin ␥1
؊/؊ mice Because the MZ is in close association with the basement membrane (BM) of the pia mater, we next examined whether absence of the BM may in any way affect the MZ progenitor pool as well. The basement membrane plays an important role in cortical development (Halfter et al., 2002) . However, rupture of the basement membrane through targeted deletion of the ␣6 integrin, laminin ␥1III4, or perlecan does not affect proliferation in the VZ and SVZ (Haubst et al., 2006) . To examine the potential role of basement membrane in MZ proliferation, we quantified the frequency of BrdU-positive cells in the MZ in the laminin ␥1III4 Ϫ/Ϫ cortex compared with wild-type littermate controls. As observed previously in wildtype animals, most BrdU-positive cells in the laminin ␥1III4 Ϫ/Ϫ MZ did not express the endothelial marker CD31 or fibronectin (data not shown), suggesting that those cells were neural progenitors. In contrast to the absence of any effect on cell proliferation within the VZ and SVZ (Haubst et al., 2006) , the lack of the basement membrane promoted a significant increase in proliferation within the MZ as indicated by the proportion of BrdUpositive cells in this zone ( p Ͻ 0.001, Tukey's multiple comparison test) (Fig. 9) . Strikingly, proliferating cells in the MZ of laminin ␥1III4 Ϫ/Ϫ mice do not contain Pax6 or Tbr2 as the ectopically dividing cells in the cortical plate do (Haubst et al., 2006) (data not shown). Thus, the increase in proliferating cells in the MZ cannot be attributable to ectopic progenitor clusters migrating from the CP because these differ in their transcription factor expression. In agreement with previous observations, the numbers of proliferating MZ cells in the wild-type littermates were similar to mice with a different wild-type background.
Discussion
Here we characterized a novel neurogenic and gliogenic niche in the embryonic cerebral cortex. Proliferating cells in the preplate and MZ in vivo can be seen from the first stages of neurogenesis and further increase in number toward the end of corticogenesis.
Indeed, there is previous evidence for the occurrence of mitotic figures in the preplate and marginal zone (Raedler and Raedler, 1978; Marin-Padilla, 1985; Choi, 1988a; Valverde et al., 1995; Bystron et al., 2006) . However, the total number of dividing cells in this region is much lower than in the VZ/SVZ, probably contributing to the fact that these progenitors remained uncharacterized so far. Progenitors in the MZ lacked the expression of most transcription factors characteristic for both dorsal and ventral VZ/SVZ, and only became Olig2-immunoreactive at later stages. Fate mapping experiments demonstrated that only a small proportion of proliferating cells in the MZ was derived from the ventral telencephalon, the Gsh2-and Nkx2.1-expressing regions (Sussel et al., 1999; Toresson et al., 2000) , whereas the majority of the MZ progenitors was derived from the dorsal telencephalon, the Emx1-expressing region (Puelles et al., 2000) . Notably, these cells comprise different sets of neuronal and glial progenitors that are distinct from the VZ/SVZ progenitors in both their potential and response to environmental changes. Thus, our results indicate that the embryonic MZ is a niche for the proliferation of both dorsally and ventrally derived progenitors and that the occurrence of proliferation in this dynamic region may contribute to the specification of different cell types in the cerebral cortex.
Neurogenic potential of MZ progenitors
Although small in size (composing 1-3% of the progenitor pool), this population comprises a novel set of neuronal progenitors and hence represents an additional source of neuronal diversity in the cerebral cortex. Importantly, primary cultures of MZ progenitor cells have revealed a progenitor subset that generates only neurons. This is the case in the absence of added growth factors, and these progenitors are further identified as neuron-restricted progenitors by their small number of cell divisions. This clonal analysis of neurogenesis was shown to reflect the lineage of progenitor cells in vivo in a qualitative and quantitative manner (Temple, 1989; Williams et al., 1991; Williams and Price, 1995) . Thus, we believe that a subset of MZ progenitors will also generate neurons in the cortex in vivo. Because it is so far virtually impossible to label MZ progenitors specifically in vivo, this first evidence for a novel source of cortical neurons still awaits additional confirmation in vivo. However, it is important to point out that this primary neurogenic lineage, namely the formation of neuron-only clones in primary cell cultures lacking any growth factors, is notably different from the capacity of cells to generate neurons after culturing them as neurospheres. Many cell populations have been shown to contain small subsets that have the capacity to generate neurospheres and then give rise to a small number of neurons (Marmur et al., 1998; Kondo and Raff, 2000; Belachew et al., 2003) . However, this potential is rather different from the behavior of these cells in vivo, as best illustrated by neurospheres derived from the optic nerve cells that never generate neurons in vivo (Kondo and Raff, 2000) . Indeed, the neurosphere assay affects gene expression of the cultured cells and also alters their regional identity (Gabay et al., 2003; Hack et al., 2004) . However, all these populations (optic nerve, postnatal cerebral cortex, etc.) do not generate neurons when exposed to primary culture conditions lacking FGF and EGF. Therefore, primary cultures reflect more closely the lineage and progeny of the progenitors in vivo. We therefore consider our finding of pure neuronal clones generated by a third of MZ progenitors present in primary culture conditions as evidence for a novel source of neuronal progenitors likely contributing to the generation of neurons in the cerebral cortex in vivo.
That this MZ population represents a novel source of neurons is further supported by two additional observations. First, these neuronal progenitors are distinct from the Tbr2-positive progenitors contaminating the MZ/CP fraction, because only 10% of the progenitors are Tbr2-positive immediately after plating or 2 d later whereas 20% of all progenitors in these cultures generate neurons only and 10% generate neurons along with glial cells. Moreover, Tbr2-positive progenitors generate glutamatergic neurons as indeed virtually all cortical progenitors do (for review, see Hevner et al., 2006) . In contrast, many neurons generated by virally infected cells in the MZ cultures seemed to acquire a GABAergic identity. Interestingly, the circuitry of the MZ/layer 1 contains a heterogeneous population of GABAergic neurons (Meyer et al., 1998; Schwartz et al., 1998; Soda et al., 2003) , suggesting that neurons generated by MZ progenitors may contribute to the intricate neuronal network in the MZ/layer 1. Consistent with our data, previous reports have described a small proportion of progenitors isolated from the embryonic cerebral cortex that generate GABAergic neurons (Götz et al., 1995; He et al., 2001; Yung et al., 2002) . Fate mapping experiments indicated that cortical GABAergic neurons are not generated from Emx1- expressing progenitors (Gorski et al., 2002) , suggesting that the neuronal progenitors isolated from the E15 MZ could be contained within the 30% of these progenitors originating ventrally according to our fate mapping analysis.
Bipotent and early glia-restricted progenitors in the MZ
A marked feature of MZ progenitors is their capacity for generating large clones of glial cells in early corticogenesis. Astrocytes and oligodendrocytes derived from bipotent (neuron/glial) or glial-restricted progenitors compose the largest population of MZ progenitors at E15. These are 20 times more frequent than astrocyte or oligodendrocyte progenitors from the same developmental stage in the VZ/SVZ cultures. The VZ/SVZ results are in agreement with previous studies showing the predominance of neuronal precursors at these early ages (Williams et al., 1991; Davis and Temple, 1994) , a marked contrast to the lineage profile found in the MZ. Therefore, both this cell lineage analyses and the increased proliferation observed in the MZ at later corticogenesis indicate that the MZ may be an important source for astrocytes and oligodendrocytes, which may provide a different coverage of cerebral cortex tissue than VZ/SVZ progenitors. Studies from the developing human cerebral cortex suggest a dual origin for astroglial cells, namely from the VZ and MZ (Marin-Padilla, 1995; deAzevedo et al., 2003) . The latter study described that most astrocytes in SVZ/intermediate zone of the human cerebral cortex appear to have derived from the transformation of radial glia into astrocytes. However, transforming figures with a radial process were never found in the surface of the cortex, and a bistratified organization of astrocytes was seen from early on. This idea is also in line with the progression of GFAP staining during rodent cortical development (Choi, 1988a) and is intriguing in regard to astroglia heterogeneity in the adult brain (Emsley and Macklis, 2006) . Furthermore, MZ progenitors could also contribute to the dorsal sources of cortical oligodendrocytes arising at later stages (Kessaris et al., 2006) . Thus, our discovery of early fate-restricted oligodendrocyte and astrocyte progenitor cells in the MZ may provide a source of specific glial subtypes in the cerebral cortex, which may contribute differentially to the glial composition of cerebral cortex.
Embryonic cortical progenitors outside the VZ/SVZ are restricted to the MZ By using the neurosphere assay, we demonstrated that only the cell fractions containing either the embryonic VZ/SVZ or MZ give rise to multipotent neurospheres, supporting the view that the CP does not contain neural progenitor cells that can be activated to divide at this stage. These data therefore support the view that the cell lineages described in our E15 clonal analyses of MZ/CP are indeed derived from MZ progenitors. Notably, consistent with the lack of Olig2 expression in MZ progenitors at early developmental stages, E15 MZ/CP cells fail to form selfrenewing neurospheres that can only be obtained from E18 MZ progenitors after the appearance of Olig2 expression. The acquisition of Olig2 may well be responsible for the ability to form self-renewing neurospheres, because Olig2 is required for neurosphere proliferation and self-renewal (Hack et al., 2004) .
Regulation of MZ progenitors within their niche in vivo
Two defining characteristics of the MZ environment are its close proximity to the BM (Halfter et al., 2002) and the presence of a specific neuronal population synthesizing the glycoprotein Reelin (Tissir and Goffinet, 2003) . Notably, both of these features have been shown to play an important role in germinative niches (Kim et al., 2002; Mercier et al., 2002; Alvarez-Buylla and Lim, 2004) . Indeed these factors also seem to have a potent influence on the progenitor pool within the MZ as it is significantly increased in the Pax6
SeyϪ/Ϫ and laminin ␥1III4 Ϫ/Ϫ cortex. In the former, there is a significant increase in the number of Reelinproducing cells (Stoykova et al., 2003) , whereas the latter display a severe disruption of the basement membrane (Haubst et al., 2006) , suggesting that cellular and extracellular changes in the MZ might modulate cell proliferation within this zone. These data therefore further underline the crucial differences in proliferation, fate restriction, and response to extrinsic signals between MZ-and VZ/SVZ-derived progenitors.
